ABSTRACT Seven Þeld strains of Culex pipiens pallens were evaluated in the summer of 2004 for their susceptibility to three insecticides. Larval bioassays were carried out in accordance with WHO mosquito susceptibility tests. Field samples showed resistance to dichlorvos and propoxur. Low levels of resistance to phoxim were detected compared with the laboratory-susceptible strain. Quantitative analysis showed that co-ampliÞcation of est␣2 and est␤2 occurred in the seven Þeld Cx. pipiens pallens. However, the levels of transcription of est␣2/est␤2 genes in the Þeld strains indicated a 15.9:1 ratio of est␤2 cDNA over est␣2 cDNA. Such observed differential transcription of the est␣2/est␤2 genes showed that the promoters regulating their expression are independent and of different strengths. Regression analysis of expression level of est␣2/est␤2 gene and LC 50 value to insecticides showed a signiÞcant correlation between expression level of est␣2 gene and LC 50 value to dichlorvos. However, correlation of est␣2 gene and LC 50 value to propoxur and phoxim, or est␤2 gene and three kinds of insecticides, was not signiÞcant.
several provinces of China (Liu et al. 2000 .
Because of the continual increase of resistance to insecticides in pest populations, the monitoring of resistance level in Cx. pipiens pallens has become a vital problem. Traditionally, resistance level is measured by a bioassay method. However, bioassay data give no information on the genotypic composition or the frequency of resistance genes in a population. Therefore, some molecular and biochemical methods based on the molecular mechanisms of resistance development were applied in the detection of resistance level. In Cx. pipiens, increased detoxiÞcation caused by the overproduction of two types of esterases (est␣ and est␤) is often involved in resistance to pesticides, especially in organophosphate. These esterases confer insecticide resistance by rapid binding and slow turnover, thus preventing the insecticide from reaching its target site, acetylcholinesterase. Because of the 1:1 stoichiometry of the reaction between insecticide and esterase, for this resistance mechanism to be effective, large amounts of these enzymes must be produced. The most prevalent ampliÞed esterase genes are est␣2 and est␤2, which occur worldwide (Hemingway et al. 1998; Raymond et al. 1991 Raymond et al. , 1996 . In organophosphateresistant fourth-instar larvae of the PelRR strain of Cx. pipiens quinquefasciatus, ϳ7.7 pmol of est␣2 and est␤2 elevated esterases (0.4% of total soluble protein) occurs (Karunaratne et al. 1993) , whereas in resistant aphids, the E4 esterase accounts for up to 3% of the total protein (Devonshire and Moores 1982) . It is conÞrmed that the molecular mechanism underlying the overproduction of esterases in Culex is gene ampliÞcation (Mouchè s et al. 1986 , Raymond et al. 1989 , Poirié et al. 1992 , Vaughan and Hemingway 1995 , Rooker et al. 1996 , Guillemaud et al. 1997 , Vaughan et al. 1997 ) and regulation of gene expression (Rooker et al. 1996 , Guillemaud et al. 1997 , Hemingway et al. 1998 . The est␣2 and est␤2 esterase genes are coampliÞed on the same DNA unit (amplicon) in a head-to-head arrangement 2.7 kb apart (Rooker et al. 1996 , Vaughan et al. 1997 .
Years ago, estimates of est expression level in mosquitoes and aphids were reported by using Southern, DNA dot-blot analysis, and phosphorimaging technology. Although more accurate than autoradiography, this method relies on probe hybridization, which can be variable (Field et al. 1996 , Rooker et al. 1996 , Guillemaud et al. 1997 . Compared with previous imprecise attempts, real-time quantitative polymerase chain reaction (PCR) seems to be a convenient technique to estimate gene ampliÞcation level accurately. The acquisition of ßuorescence from incorporation of the double strandÐspeciÞc SYBR green dye into a PCR product once per cycle is used to provide an absolute quantiÞcation of the initial template copy number. This method could detect as few as 100 initial template copies (Higuchi et al. 1993 , Wittwer et al. 1997 . The sensitivity of this technique allowed us to determine accurately expression levels and the speciÞcity of est genes in Culex mosquitoes. It requires single individual DNA or cDNA amount, allows analysis of several DNA templates simultaneously, and offers the possibility to computer error estimates.
In this study, larvicidal effects of commonly used insecticides on Cx. pipiens pallens samples collected in seven sites in Beijing are reported, using the WHO standard bioassay. In addition, expression levels of est␣2 and est␤2 esterases represented by mRNA copy number were undertaken using the real-time quantitative PCR method. Co-ampliÞcation between est␣2 and est␤2 esterases and correlation of est gene copy number and resistance to insecticides also were analyzed in the Þeld-collected mosquitoes.
Materials and Methods
Mosquito Strains. Larvae of Cx. pipiens pallens were collected from aquatic habitats including puddles, ditches, discarded containers in hog shelters, and water tanks at seven sites along one southÐnorth highway in Beijing in 2004 (Fig. 1) . These sampling sites were selected because of their similarity in environments surrounding the aquatic habitats. Collected larvae were transported to the laboratory and reared to adults for colonization. Larvicidal testing was conducted on larvae of the F 1 generation. The susceptible strain of Cx. pipiens pallens came from a laboratory strain that had been maintained for Ͼ30 yr.
Mosquito Larval Bioassay. To assess the susceptibility of larval Cx. pipiens pallens to insecticides, late third and early fourth instars of F 1 generation larvae were exposed to a total volume of 200 ml water, treated with Þve to seven concentrations using the methods of WHO (1996) . Each concentration was applied onto the water surface of each container with an automatic pipette. Experiments were repeated three times. Larval mortality was recorded 24 h after treatment. Larval mortality was determined by dividing the total number of dead larvae by the initial number of late third and early fourth instars. During the study, no food was offered to the larvae. A 14 L:10 D photoperiod, 75% RH, and temperature of 26 Ϯ 1ЊC were maintained in the laboratory during all bioassays.
Three insecticides of technical grade were tested: phoxim (99%) and dichlorvos (99%) supplied by Tianjin Pesticide, and propoxur (99%) supplied by Hunan Haili Chemical Industry, China. Insecticides were diluted to Þve to seven solutions with acetone (propoxur: 0.01, 0.025, 0.05, 0.075, 0.1, 0.25, 0.5 ppm; phoxim: 0.001, 0.005, 0.008, 0.01, 0.02 ppm; dichlorvos: 0.01, 0.025, 0.05, 0.1, 0.25, 0.5 ppm). LC 50 values were calculated using the probit analysis program of Schoofs and Willhite (1984) . All data were subjected to analysis of variance (ANOVA) (SPSS 1999) .
Extractions of Mosquito RNA and Synthesis of Mosquito cDNA. Mosquito RNA of 20 female mosquitoes from the susceptible laboratory strain and seven Þeld strains was extracted with TRIzol reagent (guanidine thiocyanate/phenol in a monophase solution; Sigma, St. Louis, MO) in accordance with the manufacturerÕs instructions. RNA was extracted from mosquitoes that were homogenized in 300 l TRIzol reagent in a microcentrifuge tube. TRIzol reagent containing RNA was extracted with chloroform, and the RNA was precipitated with propan-2-ol. The pellet was resuspended in 50 l of water.
Two microliters of total RNA from each sample was used to synthesize the Þrst-strand cDNA using oligo-(dT) 12Ð18 primer in a 20-l reaction using the Superscript II RT-PCR System (Invitrogen, San Diego, CA). The Þrst-strand cDNA reaction was stored at Ϫ20ЊC until use.
Real-time Quantitative PCR. The est␣2 standard plasmid pCpEa contained a Cx. pipiens pallens 500-bp cDNA PCR product from est␣2 ßanked by primers LCA1F and LCA1R inserted into the pMD 18-T easy vector (TaKaRa, Japan). The eat␤2 standard plasmid pCpEb contained a Cx. pipiens pallens 418-bp cDNA PCR product from est␤2 ßanked by primers 009TF and 009TR inserted into the pMD 18-T easy vector. The actin standard plasmid pCpAc contained a Cx. pipiens pallens 502-bp cDNA PCR product from ␤-actin ßanked by primers AcF and AcR inserted into the pMD 18-T easy vector. These plasmids were used as template DNA at concentrations ranging from 10 3 to 10 8 copies to produce standard curves. Two microliters of cDNA was used as template. The reaction was carried out with Platinum SYBR Green qPCR SuperMix UDG (Invitrogen) in a 20-l reaction using LightCycler real-time PCR mechine (Roche Diagnostics, Indianapolis, IN) with parameters speciÞed in Table 1. PCR was conducted for 40 cycles. The reaction products were collected and run on a 1% agarose/TAE gel to conÞrm product size. The product was ligated into a pMD 18-T easy vector and used to transform DH5␣ Escherichia coli cell by heat shock. The puriÞed plasmids were sequenced.
Using the standard curves, it was possible to extrapolate the ßuorescence values from the test BJ-SS and seven Þeld strain cDNA and derive an accurate initial copy number for the genes est␣2, est␤2, and actin. Each cDNA sample ran in triplicate, and each replicate coincided with minimal variation. The copy number of the actin gene was determined as 1.0 ϫ 10 6 copies in 2 l of starting material for both the susceptible strain and the seven Þeld strains of mosquitoes. The average of copy numbers of est␣2 and est␤2 mRNA in the seven strains was analyzed with the StudentÕs t-test (SAS Institute 1990).
Statistics. Results of quantitative PCR are given as mean Ϯ SEM. Data were analyzed either by StudentÕs t-test for two columns or by ANOVA followed by a Student-Newman-Keuls test comparing all columns. Differences were considered signiÞcant at P Ͻ 0.05.
To assess co-expression for est␣2 and est␤2 mRNA in Cx. pipiens pallens, the relationship between est␣2 and est␤2 expression level was analyzed with SPSS 10.0. The expression level of each gene was calculated by logarithm conversion of each geneÕs copy number. To determine whether the correlation was signiÞcant, the null hypothesis (r ϭ 0, i.e., variable uncorrelated) was tested by a t-test with n ϭ 2 df. The level of signiÞcance of each test was adjusted to take into account the other tests by the sequential procedure of Bonferroni. The correlation between est␣2 and est␤2 expression level and insecticides resistance level based on LC 50 was also analyzed with SPSS 10.0.
Results
Sensitivity Status to Insecticides. All Þeld samples showd various extents of sensitivity to the three kinds of insecticides (Table 2 ). The averages of relative resistances (R/R) of the Þeld-collected larvae for propoxur, phoxim, and dichlorvos were 4.8 folds (range, 3.1Ð7.2 folds), 2.0 folds (range, 1.1Ð3.4 folds), and 5.4 folds (range, 2.8 Ð9.8 folds), respectively. The Huaibeizhen strain had the highest resistance to propoxur (R/R ϭ 7.2). Results showed that all samples of the Cx. pipiens pallens from the collection sites in Beijing were susceptible to phoxim. Regarding the resistance against dichlorvos, it was found that those in Qilizhuang were the most resistant (R/R ϭ 9.8).
Quantification of est␣2 and est␤2 Copy Number in Field Samples. Quantitative analysis of est␣2, est␤2, and actin mRNA expression from seven Cx. pipiens pallens Þeld strains is showed in Table 3 . The copy number of the est␣2 and est␤2 genes was determined as copies/1.0 ϫ 10 6 actin copies for all seven strain mosquitoes. Because no copies could been detected in the laboratory-susceptible strain, the Sunhe strain was used as the standard strain. The results showed that the differences in est␣2 gene copy number were more signiÞcant than the est␤2 gene copy number. The difference between maximal and minimal copies was several million-fold in the est␣2 gene, but it was only Ϸ15-fold in the est␤2 gene. The mean expression value of est␣2 was signiÞcantly higher in Qilizhuang than in the other strains (P Ͻ 0.001). At the same time, the mean expression value of est␤2 was signiÞcantly higher in Qilizhuang than in the other strains (P Ͻ 0.001). Similarly, the mean expression level of est␣2 and est␤2 genes in Sunhe was lower than in other strains (P Ͻ 0.05). The highest expression level for est␣2 and est␤2 genes was in the Qilizhuang strain, and the lowest expression level was in the Sunhe strain.
In all mosquitoes tested, the number of copies of the est␤2 cDNA was greater than that of est␣2, although not all the differences were statistically signiÞcant. The relative abundance of est␤2 over est␣2 within various Þeld strains was variable, ranging from 466.9 to 7.0 copies of est␤2 cDNA per copy of est␣2. The mean ratio of est␤2 to est␣2 cDNA was 15.9:1.
Co-amplification of est␣2 and est␤2 mRNA in Cx. pipiens pallens Field Samples. Regression analysis showed a signiÞcant correlation between expression level of est␣2 and est␤2 genes in seven Þeld strain mosquitoes (Fig. 2) . The results suggested that coampliÞcation of the two genes happened in seven Cx. pipiens pallens Þeld strains.
Correlation Between Expression Level of est␣2 and est␤2 and Insecticide Resistance. Results showed a signiÞcant correlation between expression level of the est␣2 gene and the LC 50 value to dichlorvos (Fig. 3C) . There was no signiÞcant correlation between the est␣2 gene and LC 50 value to propoxur and phoxim, or the est␤2 gene and three kinds of insecticides (Fig. 3A, B , and DÐF).
Discussion
Our results showed that Þeld strains of Cx. pipiens pallens in Beijing had developed resistance to commonly used insecticides. Among insecticides we tested, Cx. pipiens pallens were found to have intermediate levels of resistance to propoxur and dichlorvos, whereas they were relatively susceptible to phoxim. Substantial variations in resistance were observed in our samples, probably reßecting various applications of these insecticides in the study area. Because little application of insecticides had been conducted for mosquito larval control in the study area, our observed resistances were presumably produced by the extensive use of insecticides for agriculture and medical pest control. Our Þndings are con- (Chandre et al. 1997 , Liu and Qiao 2001 , Mostafa and Allam 2001 , Campos and Andrade 2003 , Somboon et al. 2003 , McAbee et al. 2004 , Orshan et al. 2005 . Therefore, use of insecticides should be rationalized based on testing results of Þeld strains. From our study, relative susceptibility of Cx. pipiens pallens to phoxim suggested that these insecticides could be effective for the management of Cx. pipiens pallens, especially in situations where local populations are resistant to other insecticides. Co-ampliÞcation of est␣2 and est␤2 was supposed to contain equal numbers of copies of both genes in nature. However, to induce resistance, the amounts of active esterase produced from the two loci are usually different. Our results on levels of transcription of est␣2 and est␤2 genes in the Þled strains indicated a 15.9:1 ratio of est␤2 cDNA over est␣2 cDNA. In the research of Paton et al. (2000) , the two genes were differentially transcribed: the est␤2 gene from this amplicon had greater transcription than est␣2 in all individual mosquito larvae tested, with an average ratio of 10:1. The regulation of gene expression is dependent on physiological conditions, which can affect differential expression through promoter repression or activation at the transcriptional level or additional regulation to control the translation of the mRNA. Such observed differential transcription of the est␣2 and est␤2 genes showed that the promoters regulating their expression are independent and of different strengths. Regression analysis of expression level of est␣2 and est␤2 genes and the LC 50 value to insecticides showed a signiÞcant correlation between the expression level of the est␣2 gene and the LC 50 value to dichlorvos. However, correlation of the est␣2 gene and the LC 50 value to propoxur and phoxim or the est␤2 gene and three kinds of insecticides were not signiÞcant. This suggested that ampliÞcation of the est␣2 gene should be involved in dichlorvos resistance. Wang et al. (2003) reported esterase activities of three resistant Cx. pipien pallens strains; insecticide resistance development was different as generation number increased. The esterase level was high in the dichlorvos-resistant strain with resistance developing, whereas it was medium in the propoxur-resistant strain. Esterase was shown to play an important role in mosquito resistance against organophosphorus insecticides, and its development was only one of molecular mechanisms for the development of resistance against carbamates. It showed that overexpression of the est␣2 gene might be responsible for the development of dichlorvos resistance in our study. In the development of propoxur resistance, est␣2 and est␤2 did not work or only played a small role. Some reports have shown the resistance to propoxur was caused by insensitive acetylcholinesterase rather than increased detoxiÞcation by esterases. In our study, we showed that overproduction of est␣2 and est␤2 did not contribute to the resistance to propoxur.
